In the present study we investigated the ontogeny of the expression of the type 1 angiotensin receptor (AT 1 R mRNA) and the zonal localization of AT 1 R immunoreactivity (AT 1 R-ir) and cytochrome P450 c11 (CYP11B-ir) in the sheep adrenal gland. In the adult sheep and in the fetus from as early as 90 days gestation, intense AT 1 R-ir was observed predominantly in the zona glomerulosa and to a lesser extent in the zona fasciculata, and it was not detectable in the adrenal medulla. AT 1 R mRNA decreased 4-fold between 105 days and 120 days, whereas AT 1 R mRNA levels remained relatively constant between 120 days and the newborn period. In contrast, both in the adult sheep and in the fetal sheep from as early as 90 days gestation, intense CYP11B-ir was consistently detected throughout the adrenal cortex and in steroidogenic cells that surround the central adrenal vein. In conclusion, we speculate that the presence of AT 1 R in the zona fasciculata, and the higher levels of expression of AT 1 R at around 100 days gestation, may suggest that suppression of CYP17 is mediated via AT 1 R at this time. The abundant expression of AT 1 R-ir and CYP11B-ir in the zona glomerulosa of the fetal sheep adrenal gland would also suggest that lack of angiotensin II stimulation of aldosterone secretion is not due to an absence of AT 1 R or CYP11B in the zona glomerulosa.
INTRODUCTION
The fetal adrenal gland synthesizes and secretes steroid hormones that regulate intrauterine homeostasis, the maturation of fetal organ systems necessary for extrauterine life, and, in species such as the sheep, the initiation of parturition [1] . After birth, the major role of the adrenal cortex is to provide glucocorticoids (cortisol) for the maintenance of metabolic homeostasis and response to stress, as well as mineralocorticoids (aldosterone) for maintenance of fluid and electrolyte balance, and regulation of blood pressure [1] . Therefore development of the fetal adrenal cortex preterm is critical for fetal maturation and postnatal survival.
In the fetal sheep, cytochrome P450 17 hydroxylase (CYP17) has been shown to be the pivotal enzyme in the regulation of the synthesis and secretion of cortisol from the fetal adrenal gland [2] . During development there is a period of steroidogenic quiescence (90-130 days gestation) when CYP17 enzyme expression is suppressed and the fetal sheep adrenal is also unresponsive to adrenocorticotropin (ACTH) stimulation [3] . In fetal sheep adrenal cells in vitro, administration of angiotensin II (AII) inhibits ACTHinduced expression of CYP17 and suppresses cortisol secretion [4] . These data suggest that AII may play an important role in the regulation of cortisol synthesis during fetal life.
In the adult adrenal, the synthesis and secretion of aldosterone are regulated through a specific receptor for AII, the type 1 angiotensin receptor (AT 1 R). In the fetal sheep adrenal, levels of aldosterone synthesis and secretion are very low until the final part of gestation [5] . In contrast to the adult, in the sheep fetus in utero, aldosterone concentrations do not rise in response to surgical stress, furosemide, AII, or ACTH [3, 6, 7] . These data suggest that AT 1 R may not be present or active in zona glomerulosa in the fetal adrenal gland.
In the sheep, one CYP11B gene has been isolated, and in vitro expression studies have shown that the product of this ovine CYP11B gene can catalyze the final steps in glucocorticoid synthesis, i.e., 11␤-hydroxylation for cortisol synthesis as well as 11␤-hydroxylation, 18-hydroxylation, and 18-oxidation necessary for aldosterone synthesis [8] . In the fetal sheep adrenal gland, previous studies have demonstrated the expression of CYP11B protein and mRNA using Western and Northern blot analyses, respectively [9, 10] . However, the ontogeny of the specific zonal localization of CYP11B in the fetal sheep adrenal gland remains to be determined. In this study, we have determined the ontogenetic expression of AT 1 R mRNA and the pattern of localization of AT 1 R immunoreactivity (AT 1 R-ir) and cytochrome P450 c11 (CYP11B-ir) in the sheep adrenal gland in order to investigate their roles in regulating cortisol and aldosterone synthesis in utero.
MATERIALS AND METHODS

Tissue Collection
In this study, all ewes were killed by an overdose of sodium pentobarbitone, administered intravenously. The fetuses were delivered by hysterotomy for collection of fetal adrenal tissue. Adrenal glands were collected from sheep fetuses at 105 days (n ϭ 4), 120-129 days (n ϭ 4), 136 days (n ϭ 3), and at birth (n ϭ 3; vaginal delivery, tissues collected within 2 h of birth); they were weighed and frozen in liquid nitrogen and stored at Ϫ80ЊC for Northern blot analyses. In addition, sheep adrenal glands were collected from fetuses at 90 days (n ϭ 5), 109-111 days (n ϭ 4), 120-121 days (n ϭ 6), 130-131 days (n ϭ 6), and 142-143 days (n ϭ 4). Adrenal glands were also collected from pregnant ewes (n ϭ 17) between 109 and 143 days of gestation and from nonpregnant ewes (n ϭ 8). Both adult and fetal adrenal glands were fixed by immersion in 0.1 M phosphate-buffered paraformaldehyde (4%) and embedded in paraffin. Sections (6 m) were prepared and mounted on pretreated slides (Superfrost Plus; Fisher Scientific, Pittsburgh, PA) to localize AT 1 R and CYP11B using immunocytochemical techniques. The protocols were approved by the Committee on Animal Care at Cornell University, Ithaca, New York, and at the universities of Wisconsin-Madison and Adelaide, Australia.
Adrenal Northern Blot Analysis
The Northern blot procedure used in the present study has been fully described previously [10] . In brief, total RNA was prepared from individual adrenal glands by the guanidinium isothiocyanate-cesium chloride density gradient method. The recovery and purity of RNA were determined spectrophotometrically (260 and 280 nm). From each adrenal sample, total RNA (5 g) was subjected to gel electrophoresis, and RNA was transferred to nylon membranes (Gene Screen; DuPont NEN, Wilmington, DE) and cross-linked to the membrane by UV radiation (Stratolinker; Stratagene, La Jolla, CA). Membranes were hybridized using a cDNA specific for the bovine AT 1 R (corresponding to bases 37-972 of the protein coding sequence), which was labeled by asymmetric polymerase chain reaction with [ 32 P]dCTP as described previously [11] . Autoradiography was performed for 48 h with an intensifying screen (Cronex; DuPont NEN, Boston, MA). Membranes were stripped and then were reprobed with an 18S rRNA probe. Northern blots were quantified using scanning densitometry [10] and normalized to the content of 18S rRNA detected in each sample, and data are presented as arbitrary densitometric units of mRNA. To compare the effect of gestational age on AT 1 R mRNA expression, a second-order regression fit of the data was performed with 95% confidence intervals.
Adrenal Immunohistochemistry
To localize CYP11B and AT 1 R protein in paraffin sections (6 m) of adrenal glands, we used the peroxidase antiperoxidase (PAP) technique as described previously [12] with an Immunopure metal-enhanced diaminobenzidine substrate (Pierce, Rockford, IL) as the chromagen.
The AT 1 R-specific polyclonal antibody, obtained from Santa Cruz Biotechnology (Santa Cruz, CA), was raised in rabbits against an epitope corresponding to amino acids 306-359 of the human AT 1 R and has been characterized previously for the detection of the ovine AT 1 R [13, 14] . The CYP11B polyclonal antibody, generously provided by Professor Pieter Swart (Department of Biochemistry, University of Stellenboch, South Africa), was raised in rabbits against immunopurified ovine CYP11B enzyme [15] , which detects a single band at 50 kDa on Western immunoblot analysis against sheep adrenal microsomes [16] .
To determine the separation between the cells of the zona glomerulosa and zona fasciculata at the light microscope level, additional sections were stained with hematoxylin and eosin. Adrenocortical cells of the zona glomerulosa have less cytoplasm and therefore stain more intensely with hematoxylin, whereas adrenocortical cells of the zona fasciculata have more cytoplasm and therefore stain more intensely with eosin [17] .
RESULTS
Northern Blot Analysis
In the fetal adrenal gland, from as early as 105 days gestation, AT 1 R mRNA was detectable by Northern blot analysis at the expected size of 2.4 kilobases (kb) (Fig. 1) . There was a 4-fold decrease in expression of AT 1 R mRNA between 105 days and 120-129 days, whereas AT 1 R mRNA levels remained relatively constant from 120-129 days to the newborn period (Fig. 2) .
Localization of AT 1 R-ir
In the adult adrenal gland and in the fetal adrenal gland from as early as 90 days gestation, intense AT 1 R-ir was observed predominantly in the zona glomerulosa and to a lesser extent in the zona fasciculata (Fig. 3) . In the zona fasciculata, some cells were stained more intensely for the AT 1 R than others, particularly those cells that were closer to the border with the adrenal medulla (Fig. 3) . AT 1 R-ir was also detectable in the steroidogenic cells that surround the central vein (Fig. 3) . In the adult and fetal adrenal gland, AT 1 R-ir was not detectable in the adrenal medulla (Fig. 3) . The pattern of localization of AT 1 R-ir was very similar in the adrenal gland of fetal and adult sheep (Fig.  3) .
Localization of CYP11B-ir
In the fetal sheep adrenal gland, from as early as 90 days gestation, CYP11B-ir was present throughout all zones of the adrenal cortex, and positive staining was also observed in the cells surrounding the central adrenal vein (Fig. 4) . It is likely that the cells surrounding the adrenal vein that are CYP11B immunopositive are capable of the synthesis of steroids, as we found that they also stained positively for other enzymes in the steroidogenic pathway such as cytochrome P450 side-chain cleavage (CYP11A1), CYP17, and 3␤-hydroxysteroid dehydrogenase (3␤HSD) (data not shown).
In all adrenal glands examined, we observed no difference in the intensity of CYP11B-ir between the zona glomerulosa and the zona fasciculata. In the adult sheep adrenal, the pattern and intensity of staining for CYP11B-ir were similar to those observed in the fetal adrenal glands (Fig. 4) .
DISCUSSION
In adult and fetal sheep adrenal cells in vitro, AII administration blocks ACTH-stimulated induction of CYP17 activity and cortisol production [4, 18] . Therefore, AII may play an important role in the regulation of cortisol synthesis during fetal life [4] . In the present study, we observed that AT 1 R mRNA is expressed in the fetal sheep adrenal gland, and the highest level of AT 1 R mRNA expression was observed at 105 days gestation. The presence of AT 1 R-ir in the zona fasciculata and the higher levels of expression of AT 1 R at around 100 days gestation suggest that suppression of CYP17 observed at this stage of gestation [3] may be mediated via AT 1 R. We propose that with advancing gestational age, in addition to increased secretion of fetal pituitary ACTH that induces ACTH receptors in the fetal adrenal [19] , it is the fall in AT 1 R expression that allows ACTH [19] to ultimately override AT 1 R-mediated inhibition of CYP17 expression in the zona fasciculata and thus allow the prepartum increase in fetal plasma cortisol concentrations [3] .
In the fetus, the underlying reason for the lack of regulation of aldosterone synthesis and secretion mediated via the AT 1 R has not been established. In contrast to what occurs in the adult and newborn sheep, fetal plasma aldosterone concentrations do not increase in response to AII stimulation [3, 6, 7] , even though we have shown previously that activation of phospholipase C does occur in fetal sheep adrenal cells in vitro [20] . In the present study we observed intense staining of AT 1 R-ir in the zona glomerulosa of the fetal adrenal gland. Therefore, the lack of responsiveness of the fetal adrenal to secrete aldosterone in response to AII stimulation in fetal life is not due to the absence of AT 1 R in the zona glomerulosa. In view of the known ability of the AT 1 R to couple to phospholipase C at this time [20] , an alternative possibility is that AT 1 R signaling is blocked or altered by high coexpression of the type 2 ATR (AT 2 R). Such receptors are known to be present in the fetal human adrenal at high levels in midgestation [21] ; but while it is known that AT 2 R expression is low in the adult ovine adrenal [20] , comparative information in the fetal sheep has been unavailable to date. Thus, it is possible that there may be a change in relative ratios of the AT 1 R to AT 2 R in the fetal adrenal gland that mediates the change in responsiveness of the zona glomerulosa to AII after birth. A further possibility is that there is an endogenous inhibitor in the fetal adrenal gland that is blocking the AT 1 R signaling pathway. A blockade of the AT 1 R signaling pathway may impair the expression of steroidogenic acute regulatory protein (StAR), which functions to mobilize cholesterol from the outer to the inner mitochondrial membrane [22, 23] . Consistent with recent studies in the human [24] , preliminary data from our laboratory indicate that StAR immunoreactivity is reduced in the zona glomerulosa of the fetal sheep adrenal compared to the adult sheep adrenal cortex [25] . Clearly, further studies will be necessary to determine the role of AII receptors in the acute activation of the synthesis and secretion of aldosterone in postnatal life.
The expression of CYP11A1, 3␤HSD, and cytochrome P450 21 hydroxylase (CYP21A2) has been demonstrated in the zona glomerulosa of the fetal sheep adrenal gland [2] . From as early as 87 days gestation in the fetal sheep adrenal gland, the final enzyme in the steroidogenic pathway required for the synthesis of aldosterone, CYP11B, has been detected [9] ; however, the zonal localization has not been determined. Recently, we have shown that in the primate fetal adrenal it is not until term that CYP11B-ir is present in the definitive zone, which is the putative zona glomerulosa in the adult primate adrenal cortex [16] . The late onset of expression of CYP11B-ir in the definitive zone parallels the increase in plasma aldosterone concentrations in the late-gestation rhesus fetus [26] . In the present study, we observed no ontogenetic change in the zonal pattern of distribution or intensity of CYP11B-ir from 90 days gestation until term. In addition, the pattern of localization of CYP11B-ir was similar between the fetal and adult adrenal glands. Therefore in the fetal sheep, the developmental increase in the plasma aldosterone concentrations [3, 6] is not due to the induction of expression of CYP11B in the zona glomerulosa. Another possibility is that CYP11B activity in the zona glomerulosa is inhibited before birth. There is evidence in the adult adrenal gland that nitric oxide negatively modulates aldosterone synthesis via a direct inhibition of cytochrome P450 enzymes [27] ; however, little is known about the role of nitric oxide in the developing adrenal gland. The mitochondrial inner membrane structure/ composition has been demonstrated to be important for full aldosterone synthase activity [28] , and ultrastructural studies in the late-gestation sheep adrenal have shown that there is an increase in the proportion of tubular cristae to lamellar cristae within the mitochondria of the zona glomerulosa [29] . Previous studies have also shown that low levels of O 2 in vitro decrease basal aldosterone secretion in adult bovine zona glomerulosa cells [30] and that the O 2 sensitivity of the aldosterone pathway is present throughout development [31] . The transition from fetal to neonatal life results in a dramatic increase in arterial pO 2 , which may Intense immunostaining was present in the zona glomerulosa, and less intense staining was present in the zona fasciculata. In D, the thickness of the zona glomerulosa shown is due to the 10-fold increase in size between the term fetal adrenal and adult adrenal gland. E-G) Localization of AT 1 R-ir at the zona fasciculata/medullary border (E and G) and the adrenal medullary/central vein region (F and H) in the fetal adrenal at 90 days gestation (E and F) and in the adult sheep adrenal gland (G and H). E-G) Intense staining of AT 1 R in the zona fasciculata adjacent to the unstained adrenomedullary cells. Bar ϭ 100 m. C, Adrenal capsule; ZG, zona glomerulosa; ZF, zona fasciculata; v, central vein.
lead to increased CYP11B activity and thereby play a key role in the increase in aldosterone secretion at this time.
In summary, the presence of AT 1 R in the zona fasciculata and the higher levels of expression of AT 1 R at around 100 days gestation suggest that suppression of CYP17 may be mediated via AT 1 R. The abundant expression of AT 1 Rir and CYP11B-ir in the zona glomerulosa of the fetal sheep adrenal gland would suggest that lack of AII stimulation of aldosterone secretion is not due to an absence of AT 1 R or CYP11B in the zona glomerulosa.
